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A B S T R A C T   

SARS-CoV-2 is the causative agent of the acute respiratory disease COVID-19. In addition to the full length 
positive-sensed, single-stranded genomic RNA (gRNA), viral subgenomic RNAs (sgRNAs) that are required for 
expression of the 3′ region of the genome are synthesized in virus-infected cells. However, whether these sgRNA- 
species might be used as a measure of active virus replication and to predict infectivity is still under debate. The 
commonly used methods to monitor and quantitate SARS-CoV-2 infections are based on RT-qPCR analysis and 
the detection of gRNA. The infectivity of a sample obtained from nasopharyngeal or throat swabs is associated 
with the viral load and inversely correlates with Ct-values, however, a cut-off value predicting the infectivity 
highly depends on the performance of the assay. Furthermore, gRNA derived Ct-values result from nucleic acid 
detection and do not necessarily correspond to active replicating virus. 

We established a multiplex RT-qPCR assay on the cobas 6800 omni utility channel concomitantly detecting 
SARS-CoV-2 gRNAOrf1a/b, sgRNAE,7a,N, and human RNaseP-mRNA used as human input control. We compared 
the target specific Ct-values with the viral culture frequency and performed ROC curve analysis to determine the 
assay sensitivity and specificity. 

We found no advantage in the prediction of viral culture when using sgRNA detection compared to gRNA only, 
since Ct-values for gRNA and sgRNA were highly correlated and gRNA offered a slightly more reliable predictive 
value. Single Ct-values alone only provide a very limited prediction for the presence of replication competent 
virus. Hence, careful consideration of the medical history including symptom onset has to be considered for risk 
stratification.   

1. Introduction 

The diagnostic gold-standard for the detection of SARS-CoV-2 
infection is the quantitative reverse transcription PCR (RT-qPCR). 
Commonly, SARS-CoV-2 genomic RNA (gRNA) is detected and it is 
assumed, that the infectiousness of a SARS-CoV-2 positive individual is 
correlated with the viral load and thus, inversely correlates with Ct- 
values [1–3]. However, Ct-values highly depend on the quality of the 

swab sample. Additionally, Ct-values result from nucleic acid detection 
alone and might detect fragmented gRNA from defective viral particles. 
In contrast to replication competent virus, SARS-CoV-2 gRNA is still 
detectable in RT-qPCR weeks after symptom onset in many convalescent 
patients [4–6] while viral culture assays remain negative [1,2,7]. 

The SARS-CoV-2 genomic RNA comprises two large overlapping 
open reading frames (ORF1a and ORF1b) encoding non-structural pro
teins (NSPs) that are essential for viral replication and transcription. In 
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addition, subgenomic RNAs [8] encode the structural proteins spike (S), 
envelope (E), membrane (M) and nucleocapsid protein (N) and several 
accessory proteins including 3a, 6, 7a, 7b, 8, and 10 . Since these sgRNAs 
are exclusively formed during active viral replication, their presence 
could potentially serve as a surrogate marker for infectiousness. Indeed, 
multiple studies have shown a correlation between the presence of 
sgRNA levels and viral culture success in cell culture [7,9–15]. Contra
dictory, in comparable studies the detection of sgRNA was not a superior 
biomarker [16–19]. Importantly, many of these studies had limitations 
as an insufficient limit of detection (LOD) for sgRNA detection, lacking 
viral culture data, or swab quality controls. 

Hence, in this study we established a high performance multiplex RT- 
qPCR test using the cobas6800 omni-utility-channel (Roche) concomi
tantly detecting SARS-CoV-2 gRNA, the three most abundant sgRNAs 
and a spliced human RNaseP to monitor the swab quality. Using this 
assay, we evaluated whether sgRNA might be a superior surrogate 
marker to assess the infectivity of a sample. 

2. Material and methods 

2.1. Study design 

From September until December 2020, fresh nasopharyngeal or 
throat swab samples were collected by the Public Health Department of 
the City of Frankfurt am Main, Germany. Samples were eluted in 1.5 ml 
PBS to recover infectious SARS-CoV-2 immediately after arrival in the 
laboratory. 500 µl of eluted virus suspension was used to infect highly 
permissive Caco2 cells as described previously [20–22]. 1 ml of the swab 
dilution was mixed (1:1) with cobas omni lysis reagent (Roche) and 
subjected to RT-qPCR-analysis using the SARS-CoV-2 Test on the cobas 
6800 system, according to manufacturer’s instructions (Roche) (Fig. 1). 
The remaining sample was stored at − 20 ◦C and subjected to multiplex 
RT-qPCR analysis using the omni-utility-channel (Roche). 

2.2. Viral culture 

For viral culture, Caco2 cells were used under BSL-3 conditions as 
described previously [20,21,23]. Supernatant from cells with cytopathic 
effect (CPE) were subjected to RT-PCR-analysis (M, RdRp) to confirm the 
SARS-CoV-2 outgrowth as described previously [22,24]. 

2.3. Diagnostic SARS-CoV-2 RT-qPCR test 

The cobas SARS-CoV-2 test (Roche) detecting Orf1a/b and E was 
used as a qualitative in vitro nucleic acid amplification test for the direct 
detection of SARS-CoV-2 RNA. The assay was performed on the cobas 
6800 System (Roche) according to the manufacturer’s instructions. 

2.4. Multiplex RT-qPCR for simultaneous detection of SARS-CoV-2 
gRNA, sgRNA, and RNaseP 

Primer and probe sequences (Supp.Table 2) were obtained from In
tegrated DNA Technologies (IDT). Multiple primer and probes were 
excessively tested in single versus multiplex PCR-reactions (data not 
shown) to avoid dimerization issues and to titrate optimal primer probe 
concentrations (Supp.Table 2). Assay optimization was performed using 
the cobas omni Optimization Kit (Roche) following the manufacturer’s 
instructions. 

One of the primary objectives of this study was the establishment of a 
high-throughput assay on a diagnostic instrument for the monitoring of 
active SARS-CoV-2 replication. Therefore, we conducted the cobas 6800 
system (Roche) which facilitates a sample-to-answer platform by per
forming the extraction and PCR reaction autonomously. Additionally, 
the omni-utility channel of the device allowed us to use the previously 
optimized primer-probe ratios by loading the cartridges accordingly and 
to perform RT-qPCR under optimal conditions. The internal control (IC) 
was included in the test cassette, and all other primers and probes (Supp. 
Table 2) were added to MMX-R2 reagent and loaded into cobas omni 
utility channel cassettes (Roche) according to the manufacturer’s 
instructions. 

Initial evaluation of the generated primer and probe pairs for the in- 
house assay was performed on the BioRad CFX96 C1000 5-plex cycler 
using random samples from routine COVID-19 diagnostics because it is 
routinely used in the laboratory, allowing multiple adaptations and ti
trations of the multiplex assay in an easily accessible manner. CAL Fluor 
Red 635 Calibration Standard (T10) (Biocat, Cat# RD-5084-5-BS) was 
used to calibrate the BioRad CFX96 C1000 cycler to enable LC640 
detection. After optimizing the multiplex assay on the BioRad CFX96, a 
final validation run had to be performed on an instrument with similar 
detection machinery to the cobas 6800 system. Therefore, the Light
Cycler 480 (Roche) was used in the intermediate stage of evaluation. For 
internal control, the RNA Process Control Kit (Roche, Cat# 
07099622001) was used as instructed by the manufacturer. As 

Fig. 1. Correlation between SARS-CoV-2 Ct-values and viral culture. Ct-values were obtained from testing on the cobas 6800 system using the SARS-CoV-2 Test 
(Roche) targeting SARS-CoV-2 Orf1a/b and E genes. Viral culture assays were performed on Caco2 cells and monitored over a period of 7 days after inoculation. If no 
CPE was visible after 7 days the sample was deemed negative. Box plots of the (a) CtgRNA (Orf1a/b) and (b) CtgRNA (E) values subdivided depending on viral culture 
(green = negative, red = positive). Whiskers indicating minimum and maximum values. A two-tailed t-test was performed to evaluate statistical significance. As
terisks indicate p-values as * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and **** (p < 0.0001). Undetected samples were excluded from analyses. 
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previously described [25] glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) mRNA was used as an additional housekeeping gene. 

All Ct-values measured within the specified number of cycles were 
considered as detected (Supp.Table 1). 

2.5. Data analysis and software 

Cobas 6800 software version 1.4.7.1003 and cobas omni Utility 
Channel software 3.0 was used in this study. For data performed on 
BioRad CFX96 device, BioRad Maestro software version 2.3 was used. 
The software version 1.5.1.62 was used for experiments performed in 
the LightCycler 480 (Roche). 

2.6. Statistical analysis 

Figures and statistical analysis were generated with GraphPad Prism 
(version 9.5.0, GraphPad Software, LLC). ROC curves were generated 
using MedCalc statistical software version 15.8. Statistical differences 
between the groups was calculated as indicated in each figure legend. 

3. Results 

3.1. Comparison of RT-qPCR-derived Ct-values with infectivity in cell 
culture reveals only a limited predictive value for the presence of 
replication competent SARS-CoV-2 

A total of 267 nasopharyngeal or throat swab samples were detected 
as SARS-CoV-2 positive by the commercial assay. Subsequently, 110 
positive samples were subjected to the viral culture assay. From 104 
isolates RNA was recovered and subjected to full-genome sequence 
analysis (Illumina Next-Generation-Sequencing) showing a wide distri
bution and variety of SARS-CoV-2 variants including B.1.177, B.1.160, 
B.1.1.70, B.1.221, and other including variant of concern Alpha 
(B.1.1.7) as published elsewhere [22]. The median Ct-value of cell cul
ture positive samples was 24.3(Orf1a/b) and 24.4(E) respectively, while the 
median Ct-value of cell culture negative samples was 31.7(Orf1a/b) and 
33.8(E). The highest Ct-value of samples with positive outgrowth was 
35.6(Orf1a/b) and 38.7(E). We found that no clear discrimination between 
cell culture positive and negative samples could be observed indicating 
that single Ct-values alone only provide a very limited prediction for the 
presence of replication competent virus. Hence, an assay detecting 
direct infectivity is needed in order to predict viral culture growth 
success. 

3.2. Development of a SARS-CoV-2 RT-qPCR multiplex assay for the 
detection of gRNA, sgRNA and a human input control as a possible 
prediction for viral culture success 

In this study we developed an in-house RT-qPCR multiplex assay for 
the concomitant detection of SARS-CoV-2 gRNA (Orf1a/b), the most 
abundant SARS-CoV-2 sgRNAs (7a,E,N) and a spliced human input 

control (RNaseP) to be performed on the cobas 6800 and the Omni 
Utility channel (Roche Diagnostics). For the detection of viral gRNA, 
primers and a probe matching Orf1a/b were designed covering nucle
otide positions 11.980 to 12.087 in the Orf1a/b open reading frame 
(Supp.Table 2). 

Since the viral RNA leader serves as a starting point for subgenomic 
transcription during SARS-CoV-2 replication, creating mRNA isoform 
sequence-specific junctions, we designed primer and probe sets (Supp. 
Table 2) covering these unique junctions (Fig. 2) previously identified by 
NGS sequencing of SARS-CoV-2 infected Caco2 cells (data not shown). 
For validation of the multiplex assay a plasmid was used as template in 
the RT-qPCR reactions. The plasmid codes for the RNaseP (human input 
control), gRNA(Orf1a/b), and the three most abundant SARS-CoV-2 
sgRNAs(7a,E,N). The binding sites of each primer and probe are visual
ized in Supplementary Fig. 2. 

An universal forward primer and probe was used for the detection of 
all analyzed sgRNAs [26]. Reverse primer sets targeting the three most 
abundant sgRNAs 7a, E, and N (Supp.Table 2) were designed for the 
amplification of all sgRNA products and concomitant detection in the 
HEX channel (Supp.Table 2, Fig. 2). As human input control we included 
a primer/probe set for the detection of the low abundant RNaseP, which 
correlated well to GAPDH mRNA levels (Supp.Fig. 3). 

To verify that the assay was also capable of detecting recent SARS- 
CoV-2 variants including Delta and Omicron, we infected A549-AT 
cells and isolated the cellular and viral RNA after 6, 12, and 24 h post 
infection (Supp.Fig. 7). The gRNA and sgRNAs of all tested variants 
could be detected without loss of sensitivity and were detectable at the 
earliest 6 h after infection consistent with previously published data 
[23]. 

Next, we performed RT-qPCRs of randomly chosen SARS-CoV-2 
positive swab samples with a standard qPCR instrument (Fig. 3). The 
generated Ct-values from the in-house assay were compared with those 
obtained from the routine diagnostic test performed using the com
mercial SARS-CoV-2 test. For better comparability with the in-house 
assay, CtOrf1a/b was chosen as reference gene. 

We obtained a high correlation when comparing the Ct-values (gRNA 
and sgRNA) with the commercial test (Fig. 3a). The CtRNaseP-values did 
not correlate with SARS-CoV-2 RNA levels. 

The intra assay Ct-value comparison (Supp.Fig. 5a) revealed a 
remarkable correlation between SARS-CoV-2 gRNA and sgRNA detec
tion in the multiplex assay. A comparison of RNaseP normalized Ct- 
values revealed a more heterogeneously distribution of relative viral 
loads when compared to non-normalized Ct-values alone, indicating 
relevant differences in sampling quality. However, this normalized 
appearance did not allow for a clear cut-off between two states. Calcu
lating the ΔΔCtsgRNA/gRNA by the Livak method [27] subtracting the 
ΔCtgRNA from the ΔCtsgRNA confirmed a strong RNaseP-dependent 
dispersion of the relative viral loads values. 

In the intermediate state, after initial assessment of the in-house 
assay, we evaluated the multiplex RT-qPCR on a LightCycler480 
(Roche), a PCR machine technically comparable to the cobas 6800 

Fig. 2. SARS-CoV-2 sgRNA used for primer and probe design. SARS-CoV-2 leader RNA (excerpt) is shown in black. Coding sequences (CDS, excerpts) are indicated in 
red. Sequences exclusively present in sgRNA are printed in gray. SARS-CoV-2 RNA species in each line are labeled on the left. The vertical line shown in the middle 
indicates the sgRNA junction. The respective primer and probe binding sequences are highlighted in bold. Nucleotide positions according to SARS-CoV- 2 reference 
genome Wuhan-Hu-1 (NC_045512.2). 
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detection unit. As an internal control and for monitoring the RT effi
ciency an RNA processing control (Process Control Kit, Roche) was 
included to exclude possible cross-talks within the multiplex approach. 
The excellent Pearson index for gRNA (1.00) and sgRNA (0.98) 
confirmed unbiased performance on both devices, even including the 
internal control (Supp.Fig. 7). 

Next, we implemented the in-house multiplex assay on the cobas 
6800 omni-utility-channel and evaluated the performance. Initially we 
assessed the linearity of the assay (Fig. 4) by serially diluting plasmid- 
DNA containing all relevant target sequences (Supp.Fig. 2), and spiked 
a pool of clinical swab samples previously tested negative for SARS-CoV- 
2 during routine diagnostics. The assay had an excellent signal to noise 
ratio as shown in the fluorescence curve for each of the SARS-CoV-2 RT- 
qPCRs (Supp.Fig. 1) and revealed high linearity for all targets (Cts 
22–47). 

3.3. Evaluation of SARS-CoV-2 subgenomic RNA as a surrogate marker 
of infectivity 

We compared the Ct-values generated by the in-house multiplex 
assay on the cobas 6800 system (Roche) with the data from the viral 
culture assay (Fig. 5) and categorized the samples according to positive 
or negative viral culture. The median Cts detecting SARS-CoV-2 RNAs 
differed by 10.14 Cts for gRNA and 10.09 for sgRNA between positive 
and negative samples. The median CtRNaseP was 36.8 for negative and 
39.2 for positive viral culture samples, indicating comparable swab 
qualities between the groups (Table 1). As expected, positive outgrowth 
samples overall had lower Ct-values when compared to negative sam
ples (Supp.Table 3). 

A comparison of gRNA with sgRNA values, however, revealed a very 
high correlation with a Pearson index of 0.95, thus only a limited pre
dictive value for the presence of replication competent virus (Fig. 6). 
This observation was in agreement with previous studies [18] showing 

that sgRNA copy numbers are dependent on copy number of total 
SARS-CoV-2 RNA. 

A strong correlation of gRNA and sgRNA was observed (Pearson 
index of 0.95) while both SARS-CoV-2 markers were distinct from the 
human input control (gRNA/RNaseP and sgRNA/RNaseP) (Fig. 6). This 
correlation was pronounced when comparing CtgRNA grouped by 
detected and undetected sgRNAs (Fig. 7a). Almost all samples with 
undetectable sgRNA had high CtsgRNA (>30) and no viral culture was 
observed. 

Two samples with CtgRNA>33 were positive for viral culture, 
compared to 84 negative ones (data not shown). Analogous the lowest 
CtgRNA undetected sgRNA sample had a value of 33.2. 

The detection of the sgRNA did not provide any significant advan
tage in the prediction of viral culture success, only a difference of 3 Cts 
was observed proportional to the Ct-values. When normalizing CtsgRNA 
by 3 Cts the median was almost identical (± 0.025 Ct). A comparison of 
RNaseP normalized Ct-values as determined by the ΔΔCt-method [27] 
as described above did not allow for a clear cut-off between positive or 
negative viral culture (Fig. 7b). 

To measure the performance of the multiplex approach as a potential 
diagnostic test we performed a receiver operating characteristic (ROC) 
curve analysis. For both gRNA and sgRNA, the areas under ROC curves 
were highly comparable (Fig. 8). We determined the cutoff points for the 
prediction of viral culture at CtgRNA ≤29.97 and CtsgRNA ≤32.32. 
Comparing RNaseP normalized ΔCt-values of both parameters 
(gRNARNaseP and sgRNARNaseP), we found that the areas under ROC 
curves were less accurate compared with non-normalized Ct-values. 
Hence, RNaseP normalization had no advantage in predicting the 
outgrowth probability in cell culture. 

4. Discussion 

The aim of this study was to evaluate an RT-qPCR multiplex assay for 

Fig. 3. Correlation of Ct values between in-house SARS-CoV-2 multiplex (y-axis) and commercial Cobas RT-qPCR assays (x-axis). (a) SARS-CoV-2 gRNA (Orf1a/b), 
(b) SARS-CoV-2 sgRNAs, and (c) RNaseP from spliced human RNA. The Ct-values of the multiplex approach are plotted against the Ct-values obtained from the 
commercial diagnostic assay performed with the SARS-CoV-2 Test (Roche). The solid line represents the best fit regression line, with the dotted line indicating the 
95% CI. Pearson index (r), coefficient of correlation (r2) and significance (p) are indicated. Undetected samples were excluded from analyses. 

Fig. 4. Determination of the assay linearity. For validation of the in-house multiplex assay using spiked clinical samples tested negative for SARS-Cov-2, a plasmid 
was used as template in the RT-qPCR reaction. The plasmid codes for the RNaseP (loading control), Orf1 Roche target (gRNA), and the three most abundant SARS- 
CoV-2 sgRNAs (7a,E,N). (a) CtRNaseP (b) CtOrf1a/b, (c) CtsgRNA,(d) Ctinternal control obtained from RT-qPCRs performed with 10-fold serial dilutions (D1-D6) of the 
calibration plasmid. The assay was performed on the cobas 6800 system in multiple replicates (n = 5). Coefficient of determination (R2) and primer efficiency (E) 
are indicated. 
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the concomitant detection of SARS-CoV-2 gRNA, sgRNA and a spliced 
human input control (RNaseP) for the potential suitability as a predic
tive biomarker for viral culture. A few previously published studies 
investigated the correlation of sgRNA detection with viral culture as a 
possible surrogate marker for active viral replication and infectivity, 
however the conclusions of these studies were in parts contradictory. 

An early study by Perera and colleagues reported the detection of 
sgRNA N at COVID-19 symptom onset, while the copy numbers declined 

in the following days [9]. Since virus isolation and sgRNA detection 
were positive within the first 8 days after onset of illness, the authors 
concluded that patients might be less contagious 8 days after symptom 
onset. A further study reported detectable sgRNA E transcripts up to 30 
days post symptom onset, however, no viral culture assays were per
formed to correlate sgRNA E detection with infectivity [28]. 

In another study, the specificity of sgRNA N and S (tested separately) 
was higher than that of gRNA when compared to viral culture success 

Fig. 5. Correlation between SARS-CoV-2 Ct-values for genomic RNA, sgRNA, RNaseP and viral culture. Ct-values of the in-house multiplex sgRNA assay on the omni 
Utility Channel on the Roche cobas 6800 device. CtgRNA (Orf1a/b), CtsgRNA (E,N,7a), CtRNaseP, Ctinternal control is plotted individually for samples positive (red) or 
negative (green) for SARS-CoV-2 viral culture assay. A two-tailed t-test was performed to evaluate statistical significance. Asterisks indicate p-values as * (p < 0.05), 
** (p < 0.01), *** (p < 0.001) and **** (p < 0.0001). Undetected samples were excluded from analyses. 

Table 1 
Comparative association of gRNA, sgRNA, RT-PCR detection and viral culture assay. The amount of positive and negative detected RT-PCR samples with gRNA and 
sgRNA as targets is shown under “RT-PCR detection”, with the fraction of samples shown in percent in brackets. A sample was termed negative, if the fluorescence 
signal did not exceed the background intensity, thus resulting in no cycle threshold. The number of cytopathic effects (CPEs) of the viral culture assays is given, 
including the fractions shown in percent. The median and interquartile range of the Ct-values of the positive and negative viral culture assays is given under “viral 
culture”. Undetected sgRNA samples were excluded from analyses.  

Parameter Total negative Positive Total negative Positive 

RT-PCR detection  
Orf1a/b (gRNA) E (gRNA) 

Total no. (%) commerical test 267 (100) 20 (7.5) 247 (92.5) 267 (100) 20 (7.5) 247 (92.5)  
Orf1a/b (gRNA) E, 7a, N (sgRNA) 

Total no. (%) in-house cobas 6800 Multiplex assay 267 (100) 13 (4.9) 254 (95.1) 267 (100) 70 (26.2) 197 (73.8) 
Viral culture 

CPE (n) 267 (100) 157 (58.8) 110 (41.2)    
Ct-values in viral culture samples  

Orf1a/b (gRNA) E (gRNA) 
Commerical test; Ct 28,9 (24.5; 32,2) 31.7 (29.7; 33.2) 24.3 (21.8; 26.3) 30.0 (25.0; 34.3) 33.8 (31.0; 35.5) 24.4 (21.9; 25.8)  

Orf1a/b (gRNA) E, 7a, N (sgRNA) 
In-house Cobas 6800 Multiplex assay; Ct 30.4 (24.8; 35.5) 34.5 (31.3; 37.7) 24.4 (21.3; 27.1) 33.4 (29.0; 39.5) 39.7 (35.5; 43.6) 29.6 (26.3; 33.1)  
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[11]. Consequently, the authors claimed significant advantage of sgRNA 
detection in the prediction of infectious material. However, the authors 
did not correlate the direct Ct-value ratio of gRNA/sgRNA of each 
sample, which results in a homogenous shift of the Ct distribution of 
gRNA and sgRNA as seen in our study (Figs. 7 and 5, Table 1). A major 
limitation of many studies is the limit of detection (LOD) of the 
respective sgRNA assay. Since it is known, that a cultivation success 

correlates approximately with a cutoff value of CtgRNA 30 (depending on 
the assay) [29] and most likely shifts for sgRNA assays below the LOD, 
the qualitative statement “detected” or “not detected” might be decep
tive. In a large cohort study at a Ct≥30 the outgrowth success dramat
ically dropped to 20% [29]. This data is in excellent agreement with our 
results (Figs. 1 and 8) showing an cutoff in cultivation success at 
CtSARS-CoV-2-Test 29.7 and CtgRNA 29.97 (Table 1, Fig. 8). Using a highly 

Fig. 6. Correlation between SARS-CoV-2 Ct-values for genomic RNA, sgRNA, RNaseP and viral culture. Ct-values were obtained from testing the samples with the in- 
house multiplex sgRNA assay on the omni Utility Channel on the Roche cobas 6800 device. (a) CtsgRNA values against CtgRNA (Orf1a/b). CtRNaseP are plotted against 
(b) CtOrf1a/b and (c) CtsgRNA (E,N,7a). Positive (red) and negative (gray) samples of the viral culture assay are indicated. Undetected samples were excluded 
from analyses. 

Fig. 7. sgRNA association with gRNA and viral culture. (a) CtgRNA measured by the in-house cobas 6800 driven multiplex assay of samples with detected and 
undetected sgRNA. Whiskers indicate minimum and maximum values. (b) Relative RNA abundance was calculated as follows: ΔΔCtsgRNA_gRNA (Orf1a/b) = ΔCtsgRNA – 
ΔCtgRNA (Orf1a/b). The RNaseP normalized expression of gRNA was plotted versus the CtgRNA values. The solid line indicates the best fit regression line, the 95% CI is 
illustrated by a dotted line. Positive viral culture samples are highlighted in red, negative samples in gray. Undetected samples were excluded from analyses. 

Fig. 8. Receiver operating characteristic (ROC) curves for multiplex RT-qPCR for concomitant SARS-CoV-2 gRNA and sgRNA using human RNaseP normalization. 
The left panels show the ROC curves resulting from raw Ct-values from SARS-CoV-2 multiplex gRNA and sgRNA detection. The right panels show the ROC curves for 
RNAseP normalized gRNA and sgRNA expression (gRNARNaseP and sgRNARNaseP). The cut-off value with the highest sensitivity and specificity is indicated. The area 
under the curve (AUC) reflects the predictive value i.e. the correct prediction of viral culture, of the analyzed parameter. The p-value shows the likeliness of the 
parameter to discriminate between positive and negative viral culture. Undetected samples were excluded from analyses. 
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sensitive approach detecting the three most abundant sgRNA species (N, 
7a,E) we observed a shift in the cultivation cutoff at CtsgRNA 32.32. Of 
note, no viral culture was observed in the absence of sgRNA. In line with 
this observation, some studies have postulated that the absence of 
sgRNA results in negative growth success in cell culture, which suggests 
sgRNA as an advantageous marker [7,9–15]. Our data, however, shows 
a considerable correlation between CtgRNA and CtsgRNA (Fig. 6), and only 
a shift of 3 Cts (Table 1). 

The comparison of the areas determined via ROC curves demon
strated that the detection of the gRNA with the sgRNA was very similar 
with regard to the predictive capacity for positive virus cultivation and 
that the Ct-values from both measurement parameters could be 
compared with each other. However, this also indicates that the SARS- 
CoV-2 sgRNA does not add any significant value to the prediction per
formance. In the cohort studied here under optimal conditions, we were 
able to determine a predictive cut-off value of CtgRNA of ≤29.97 for 
CtsgRNA of ≤32.32, which corresponds to a difference of 2.35 Ct-values. 
Comparison with RNaseP-normalized expression values used to match 
the human input and sampling quality, did not provide any advantage in 
terms of positive-negative discrimination. 

5. Conclusions 

Using the novel multiplex assay established in this study, we yield 
excellent performance and are therefore able to detect low viral loads. 
This advantage underlines that sgRNA is significantly correlated to the 
gRNA albeit with an average ΔCt of 3 (p < 0.0001; two-tailed t-test). 
Since gRNA was more reliable detected than sgRNA, and yielded a better 
predictive value shown by the ROC analysis, we conclude, that detection 
of sgRNA offers no added value in viral culture prediction than detection 
of gRNA alone. In a multifactorial clinical setting, detection of viral 
loads by RT-qPCR alone offer only a limited predictive value. A larger 
cohort analysis would be necessary to provide a conclusive statement on 
the benefit of sgRNA for predicting the infectivity of patients in a clinical 
context, including other clinical parameters such as antibody status and 
titer, HLA, disease severity, immunocompromised status and days since 
symptom onset [19]. 

6. Limitations of the study 

This study has important limitations: We solely collected nasopha
ryngeal or throat swabs, to which we did not link to the patient and 
demographic data. In addition, since randomized samples were analyzed 
with focus on Ct-values and viral culture success, our data lacks clinical 
information on COVID-19 severity and associated symptoms. 

It has been shown that antibodies correlate with viral culture prob
ability [19]. Among the study participants of this study, the likelihood of 
a previous SARS-CoV-2 infection is very low since the samples were 
obtained early during the pandemic, however, cross species antibodies 
against other coronaviruses have not been evaluated prior to sampling. 

Of note, individuals were not screened for immunodeficiency before 
being included in our cohort. This might be relevant, since immuno
compromised patients could have prolonged shedding of infective SARS- 
CoV-2 but are unlikely to be represented in this cohort [12,30,31]. 
Additionally, our patient numbers remain small and larger studies are 
needed to establish CtsgRNA criteria that reliably correlate with loss of 
infectivity. 

Although, we used Caco2 cells, that have been previously selected for 
high permissiveness for SARS-COV-2, we cannot exclude factors limiting 
viral culture in cell culture. The use of additional highly permissive cell 
models e.g. based on Vero or A549 [23] cells might help to compare 
reproducibility of the assay. 

Data availability 
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